& Key message Tree heights in the central Congo Basin are overestimated using best-available height-diameter models. These errors are propagated into the estimation of aboveground biomass and canopy height, causing significant bias when used for calibration of remote sensing products in this region.
Introduction
Tree height-diameter models are useful tools aiding in improving the accuracy of tropical forest aboveground biomass (AGB) estimations. Allometric models to convert forest Handling Editor: Gilbert Aussenac Contribution of the co-authors HV and PB developed the research project. EK, PM, KH, JL, and FBB collected data. EK analyzed the data. EK, PM, KH, SD, and HV interpreted the results and implications. HV, PB, and HB supervised the research. EK wrote the paper. All authors commented on the manuscript during the final stages.
Electronic supplementary material The online version of this article (doi:10.1007/s13595-016-0611-0) contains supplementary material, which is available to authorized users.
inventory data into an estimate of AGB perform better when tree height is included Popkin 2015) . Furthermore, many remote sensing products measure canopy height rather than AGB and are dependent on tree height data for their calibration (Asner and Mascaro 2014; Lei and Siqueira 2014; Saatchi et al. 2011; Schlund et al. 2015; Wang et al. 2016 ). However, specifically in tropical forests, data availability on tree height is impeded by the difficulty of its measurement in closed-canopy forests (Larjavaara and Muller-Landau 2013) , including the related time-and costconsuming character of the measurement. This difficulty in data acquisition has led to tree height often being overlooked in carbon-accounting programs (Hunter et al. 2013; Larjavaara and Muller-Landau 2013) , resulting in possible increased bias. Moreover, an important fraction of carbon storage variability in tropical forests related to forest structure is overlooked. Nevertheless, this data acquisition issue can be overcome through the use of height-diameter models, in spite of the introduced model error (Chave et al. 2014; Feldpausch et al. 2012) . However, accounting for environmental and spatial variability within these models is an important aspect.
Height-diameter relationships are site-dependent (Curtis 1967; Huang et al. 2000; Saunders and Wagner 2008; Trorey 1932 ) and can depend on a multitude of local factors including soil properties (Aiba and Kitayama 1999; Heineman et al. 2011; Urban et al. 2013) , light environment and neighboring effects (Henry and Aarssen 1999; Holbrook and Putz 1989; Poorter et al. 2003) , and stand development (Curtis 1967; Kohyama et al. 1990; Sterck and Bongers 1998) . Height-diameter models are therefore often specific to locations, stand types, and site fertility (e.g., Huang et al. 2000; Stout and Shumway 1982) . The allometry of a tree is also affected by environmental factors including climate conditions and altitude Feldpausch et al. 2011; Hulshof et al. 2015; Lines et al. 2012; Wang et al. 2006) . Based on pan-tropical height-diameter analyses, Banin et al. (2012) and Feldpausch et al. (2011) show that region-specific models significantly reduce the bias related to the variation in tree height for different tropical regions. More recently, Chave et al. (2014) suggest that this regional variability can be explained by bioclimatic factors, and they therefore propose a single pan-tropical height-diameter model with a linear dependency on a bioclimatic stress variable. These models show large potential to serve as calibration or validation tools for remote sensing products. However, keeping in mind that numerous other factors can drive height-diameter variability, the validity of using these models in different tropical forest regions needs to be quantified.
In this regard, tropical Africa and more specifically the Congo Basin have a particular high need for allometric model validation. These regions are however prone to data limitations due to a lack of resources for scientific research, limited logistical support, poor infrastructure, and periodic political instability (Verbeeck et al. 2011) . These data limitation issues, particularly poor spatial coverage, restrict different aspects of monitoring, reporting, and verification (MRV) protocols of carbon storage, essential within carbon-accounting programs. With respect to spatial variability, significant intra-continental differences of AGB and forest structure are reported for tropical Africa (Lewis et al. 2013) , although the central Congo Basin is underrepresented in the study. In the central Congo Basin, a site-specific study ) has identified lower asymptotic tree heights compared to the outer regions of the Congo Basin Feldpausch et al. 2011) . With this study, we enlarge the spatial scale of the former study ) to identify if tree heights are consistently lower in this region. Furthermore, we aim to quantify height-diameter model performance of local, regional, and pan-tropical models for their use in estimating standlevel variables, specifically AGB and canopy height. This evaluation of model performance, specifically in this datapoor region, is critical for calibration of remote sensing data.
Material and methods

Study area and data collection
This study was carried out at three lowland tropical forest study areas (without signs of recent human interventions) in the region of Kisangani, Democratic Republic of the Congo (DRC), namely, Yangambi, Yoko, and Yambela (Fig. 1 , Table 1 ). Vegetation in this region is characterized by moist semi-deciduous rainforest, with fragments of moist evergreen rainforest, transition forest, agricultural land, fallow land, and swamp forest (Gilson et al. 1956 ). All sites are within approximately 100 km distance from each other, and a similar climate is assumed. As measured in the Yangambi reserve, the region receives an annual precipitation of 1840 ± 206 mm (1980-2012) with an average dry season length of 3.3 ± 1.3 months with monthly precipitation lower than 100 mm, during December-February. Temperatures are high and constant throughout the year with a minimum of 24.2 ± 0.4°C in July and a maximum of 25.5 ± 0.6°C in March. The geology of the region consists of unconsolidated aeolian sedimentary sandy material of Pleistocene age, giving way to Xanthic Ferralsols (sensu World reference base, WRB for soil resources 2014; Van Engelen et al. 2006) . In the vicinity of the Congo River and tributaries, the geology is more complex and consists of both alluvial/lacustrine material as well as displaced material from the surroundings.
The first study area was located at the UNESCO Man and Biosphere reserve in Yangambi (N00°48′; E24°29′) where permanent sampling plots were inventoried in 2012 . Five plots of 1 ha were selected in mixed semi-deciduous old-growth forest, all situated within a 5-km radius from each other. All trees with a diameter at breast height (DBH) ≥10 cm were measured, mapped, and identified to species level. The most abundant species were Scorodophloeus zenkeri Harms, Staudtia kamerunensis Warb., Petersianthus macrocarpus (P.Beauv.) Liben, Panda oleosa Pierre, and Anonidium mannii (Oliv.) Engl. & Diels. Based on this inventory, a subset of trees were selected for height measurement by stratified random sampling. Two levels of strata were formed, namely, species identity and laurentii and G. dewevrei are gregarious species, but their gregarious nature was not expressed in these mixed forest plots. Based on the forest inventory, a stratified random sampling was used to select trees for height measurement, with two strata based on DBH class: 10-50 and ≥50 cm. Twenty-five percent of the trees were randomly sampled in the smallest DBH class and 50% in the largest class. Again, trees that were damaged or leaning (>10%) were excluded. One hundred forty-three individual trees were measured for height covering 53 species (8 individuals only identified to genus level). At all study areas, DBH measurements were made following the RAINFOR protocol (Phillips et al. 2010) . Accordingly, buttressed trees, although a rarity in the region, and stilt-rooted trees were measured 50 cm above the highest root, where the trunk shape was cylindrical. When a deformity was present at breast height, the diameter was measured 2 cm lower. Tree heights at all three study areas were measured using a Nikon Laser Rangefinder Forestry Pro hypsometer. The top of the tree was determined from different view angles, and multiple measurements were made to account for over-or underestimation. When the top of an individual was not visible, a different individual using the same selection criteria was selected. This was however only necessary for a few instances, and attention was paid not to introduce a selection bias. Two aspects in this study should be noted: (1) Height measurements at the three study areas were made within the context of different projects. Two measurement teams were available, one for Yambela, and one for Yangambi and Yoko. Nevertheless, all observers used the same protocol for height observations. (2) Height measurements in themselves are prone to measurement errors (Larjavaara and MullerLandau 2013) which, with no control available, was not accounted for in this study. Furthermore, within the range of leaning trees included in this study (nonleaning to leaning <10%), no distinction was made between length and height of the tree, which reflects an additional dimension of measurement error.
For the remainder of the text, the three study areas are referred to as "sites," and the investigated site dependencies of the height-diameter models represent the following characteristics. The three sites (located ∼100 km apart) are similar in climate, with soils representing a sample of a larger population of possible soils in the central basin. Although the dominant soil unit (sensu World reference base, WRB for soil resources 2014) is the same for the three sites (according to Van Engelen et al. 2006 ), regional differences in landscape position have likely led to spatial autocorrelation of soil characteristics within a study area, as well as larger differences between study areas. Furthermore, as investigated later on, differences in forest structural characteristics and floristic composition were present even though all sites were classified as the same forest type. Moreover, although no signs of recent human activities were found at the study areas, disturbance history of the sites could differ, as investigated and discussed further on. Finally, sampling protocol and systematic differences made by different observers added a level of measurement uncertainty.
Stand characteristics
General stand characteristics were computed for each site at plot level, namely, stem density, basal area, mean wood density, and mean and maximum stem diameter. One-way analysis of variance was used followed by Tukey's honestly significant difference (HSD) test to compare the mean values of the stand characteristics of the three sites. The floristic composition of the plots was compared using a detrended correspondence analysis (DCA) (Hill and Gauch 1980) . The analysis was performed using the VEGAN 2.0 package (Oksanen 2013) and was based on the basal area of species with DBH ≥30 cm in each plot. Furthermore, tree size-density distributions (SDD) were investigated as an indicator for successional status of the forests at the three sites. We evaluated how well the SDD were fit by a scaling function and by a negative exponential function, since a scaling relationship can indicate that competition is driving the SDD, while a negative exponential function for SDD can be related to exogenous disturbance (Coomes et al. 2003) . Models were fitted by nonlinear least-squares estimations ("nls" function in "nlme" package in R software; Pinheiro et al. 2009 ). All SDD were determined using a 2-cm bin size. For model fitting, we excluded bins with stem density lower than 5, since low stem densities (mainly in large diameter classes) increased the variance, and inclusion of these classes in least-squares regressions violated homogeneity of variance assumptions (following Coomes et al. 2003) .
Height-diameter model development
The statistical analysis consisted of three main stages. First, a selection was made of the best model function for this region, referred to as the local model. Secondly, site-level variability was assessed by introducing site as random effect in a nonlinear mixed effects (NLME) version of the local model. Finally, the selected model was compared to regional models for central Africa, namely, Feldpausch et al. (2012) and Banin et al. (2012) , and the pan-tropical model presented by Chave et al. (2014) .
Height-diameter model selection
To select the optimal height-diameter model for the study region, six commonly used function forms were compared (Supplementary Table S1 ). All models were fitted by nonlinear least-squares estimations (Pinheiro et al. 2009 ) for the three study sites combined. The best model fit was selected by comparing the Akaike information criterion (AIC; Burnham and Anderson 2002) and the standard deviation of residuals (residual standard error;RSE ¼
a measure of the variation explained by the model and residuals to assess any model-specific biases (Supplementary  Table S2 and Figs. S1, S2, and S3). The three-parameter exponential function provided the best statistical fit, as demonstrated by the lowest AIC and RSE values (Supplementary  Table S2 ). Nonetheless, the difference between the best fit and the worst fit was not large. Additionally, residual analysis did not reveal large differences between the studied function forms ( Supplementary Fig. S1 ).
A local model
The three-parameter exponential equation was selected for further analysis:
In this function, H is the individual tree height, D is the diameter at breast height, and a, b, and c are the estimated model parameters, which represent, respectively, the maximum asymptotic height, the difference between minimum and maximum height, and the shape of the curve ). This model is further referred to as the local model. Fivefold crossvalidation was performed to evaluate the model by dividing the data into a training subset (80%) and a validation subset (20%). Estimated heights (Ĥ i ) were compared to measured heights (H i ) of the validation dataset
dicating underestimation (positive sign) or overestimation (negative sign) of tree height. Paired t tests between estimated and measured heights were performed to test the significance of difference between them.
NLME local model
The conditions at the three sites used for setting up the local model can have an important influence on the height-diameter relationship. Since trees within the same site are likely to be more similar in allometry than trees selected from multiple sites covering larger areas, related to stand density and site-specific characteristics, residuals were expected to be site dependent. Moreover, protocol differences between sites or potential systematic differences in height measurements related to the observer could add to this site dependency. NLME models can however account for this dependence. The local model was therefore also assessed by a NLME model, with site introduced as random effect (using nlme function in nlme package in R software; Pinheiro et al. 2009 ). We tested the random structure by keeping the fixed effects structure constant and applying different combinations of random effects to the model parameters (tested as described in Pinheiro and Bates 2000, Chapter 6). The best model fit was selected based on AIC (Burnham and Anderson 2002) and RSE. This resulted in the partial NLME version of the threeparameter exponential local model:
with sites i and individuals j. The fixed effects a, b, and c represent the mean values of the parameters in the population of individuals. The site deviations are represented by the random effects α i and β i . The errors ε ij are independently distributed as N(0, σ 2 ) and independent of the random effects. Parameters were estimated using the restricted maximum likelihood (REML) method. This allows for a comparison between the NLME model and the local model by ANOVA to test the significance of including the random effects, as both models have the same fixed effects. Model evaluation was again done using a fivefold cross-validation and MSD, and paired t tests were used to assess the difference in estimated and modeled heights.
Comparison with regional and pan-tropical models
The regional height-diameter models for central Africa by Banin et al. (2012) and Feldpausch et al. (2012) were tested for our study region, respectively Eqs. 3 and 4. These models mainly differ in their spatial boundaries. The model of Banin et al. (2012) was based on data from lowland, tropical moist forest stands of all tropical Africa. Feldpausch et al. (2012) divided tropical Africa into three regions, namely, west, central, and east Africa, of which we focused on the central African relationship (Eq. 4) based on data from central and southern Cameroon and Gabon. The pan-tropical model by Chave et al. (2014) was also tested, Eq. 5, which includes a climatic variable E, a measure of environmental stress, here attained from the global grid layer provided by Chave et al. (2014) . 
A comparison was made between these models and our local model. Specifically, a residual analysis was performed for each model comparing actual measured heights with predicted heights by the MSD (and RMSE in Supplementary Table S3) , and the significance of these differences between measured and predicted heights was tested using paired t tests.
Model performance for estimating stand-level AGB and Lorey's height
The use of both measured and modeled heights for determining stand-level variables was assessed. Two key stand variables were tested, namely, AGB and canopy height. AGB was estimated with the pan-tropical model by Chave et al. (2014) (Eq. 6):
accounting for wood density (ρ), DBH (D), and height (H). Wood density was measured locally at Yangambi ). For species not available in this local dataset, wood density was extracted from the global wood density database (Chave et al. 2009 ). For unidentified species and genera for which no wood density data was found in literature, a genus-level, family-level, or site-level average was taken. AGB was estimated using both measured H values and modeled H values, namely, estimated heights from the local NLME model, the two regional central African Feldpausch et al. 2012 ) and pan-tropical (Chave et al. 2014 ) models. Lorey's height (H Lor ; Eq. 7), a basal area (BA) weighted mean tree height, was selected to represent canopy height:
with individuals i. H Lor was again estimated using both measured and the four modeled heights. Next, the model performance of the four models for estimating these two stand-level variables was assessed by goodness-of-fit measures AGB m and H Lor,m estimated using the measured height and AGB i and H Lor,i estimated using the four models i.
Results
The residual analysis comparing measured and estimated tree heights showed that both regional models Feldpausch et al. 2012 ) produced a significant (p < 0.001) overestimation for tree heights in this region (Figs. 2 and 3, Table 2 ). The pan-tropical model (Chave et al. 2014 ) however performed better with smaller residual errors, i.e., smaller overestimations of height, although still significantly different from the measured heights. At the Yambela site, this pantropical model even produced only marginally significant differences (p = 0.08) from the measured heights (Table 2) . For both regional and pan-tropical models, the residual error was larger for trees with a larger DBH ( Fig. 3 ; Supplementary Table S3 ). The local model (Table 3) produced significantly smaller residual errors (Table 2 ; Fig. 3d ), although it did not perform equally well at the three sites, with an overall overestimation for Yangambi and underestimation for Yambela. Introducing site as a random effect in the local model significantly (p = 0.001) improved the model, with the NLME model (Table 3) having lower AIC and RSE values and the residual analysis showing no significant differences between measured and estimated heights. Site-specific deviations were reflected in the model parameters (Table 3) , mainly with Yangambi showing a lower asymptotic tree height parameter "a" than the two other sites. Error propagation from using modeled heights for the estimation of the two stand-level characteristics AGB and H Lor was found. Overestimated tree heights produced by the regional models translated into significant overestimations in both stand-level characteristics (Figs. 4 and 5) , all other parameters unchanged (ρ, DBH, and BA). Namely, estimated heights from the regional Feldpausch et al. (2012) model translated into significant overestimations of AGB by 27 ± 8, 23 ± 9, and 16 ± 9% and of H Lor by 30 ± 8, 23 ± 10, and 18 ± 11%, for Yangambi, Yoko, and Yambela, respectively. Similarly, the use of the regional Banin et al. (2012) model produced overestimations in AGB by 21 ± 8, 17 ± 8, and 11 ± 9% and of H Lor by 23 ± 8, 17 ± 10, and 12 ± 10% for Yangambi, Yoko, and Yambela. The pantropical Chave et al. (2014) model also produced significant overestimations at the Yangambi and Yoko sites by 13 ± 10 and 12 ± 7% for AGB and by 14 ± 10 and 12 ± 8% for H Lor . At Yambela, the error was significantly smaller with an average overestimation of 6 ± 10% for AGB and 7 ± 12% for H Lor . At several plots in Yambela, the pan-tropical model produced underestimations (Figs. 4 and 5) . The incorporation of heights estimated using the local NLME model did produce similar AGB and H Lor estimates as the use of measured heights, with relative errors of 1 ± 6 and 1 ± 7% across all sites.
Site as a random variable was thus important, even though basic forest structure variables for the three sites were highly similar, namely, plot-specific basal area, stem density, weighted wood density, and mean and maximum stem diameter ( Table 1) . Species composition (BA weighted) was significantly different between Yambela and the two others sites (Supplementary Fig. S4 ). Yoko and Yangambi did show some distinction i n species composition i n t he DCA ( Supplementary Fig. S4 ), although not significantly (p = 0.1). Differences in SDD between the sites were found, with SDD for Yoko and Yambela being best fit by the scaling function, while for Yangambi, the negative exponential function best fitted the SDD (Table 4) . Accordingly, on the log-log axes, the SDD was downwardly curved for Yangambi and linear for Yoko, while on the log-linear axes the SDD was linear for Yangambi and upwardly curved for Yoko (Fig. 6 ). For Yambela, the shape of the curve was less clear due to fewer sampling points. 
Discussion
We presented a height-diameter assessment in a data-poor area in the central Congo Basin and assessed the use of estimated heights for the estimation of stand-level characteristics AGB and Lorey's height. We showed that tree height estimations made at site level, i.e., the random effect approach in the NLME model, produced the lowest and insignificant residuals, although the local model without random effects based on all three sites outperformed regional and pan-tropical models. Both the regional Feldpausch et al. 2012 ) and pan-tropical (Chave et al. 2014 ) models produced significant overestimations in tree height for our study region, which directly translated into significant overestimations of both AGB and Lorey's height. The finding that sitespecific and local height-diameter models outperformed regional and pan-tropical ones is not surprising, as the site dependency in height-diameter models is well described in a wide range of forestry literature (e.g., Huang et al. 2000; Saunders and Wagner 2008; Trorey 1932) . However, remote sensing products for AGB estimations are dependent on these models for their calibration (e.g., Asner and Mascaro 2014; Lei and Siqueira 2014; Saatchi et al. 2011; Schlund et al. 2015; Wang et al. 2016) . Our results showed that, specifically for the data-poor central Congo Basin, current regional heightdiameter models need to be refined, as their errors were significantly introduced into AGB and Lorey's height estimations. Their current use for calibration of remote sensing products for our specific study area would result in bias. Furthermore, both the regional and pan-tropical models produced a larger bias for large trees. With large trees often containing the majority of the stand carbon within a few individuals (Bastin et al. 2015; Slik et al. 2013) , the bias in height estimations for these large trees could significantly increase the bias for total AGB estimation of these trees, propagating into large forest-level aboveground carbon stock errors. This increases the need for optimization of these models for datapoor areas, with the added notion that monitoring strategies for future data acquisition should also integrate the focus on large trees. Overall, a better understanding of spatial variation of height-diameter relationships and forest structure of the central Congo Basin in general remains a key challenge.
The regional dependency of tree height-diameter allometry is a logical assumption, with environmental characteristics more likely to be similar within a region, including climate, biogeographical, and disturbance history and tree species composition. However, defining and delimiting geographic regions where forest structure is similar is not straightforward and highly depends on the characteristics that are selected, e.g., similar ecosystems, biomes, drainage basins, topography, or soil types. The geographical regions for tropical Africa proposed by Feldpausch et al. (2011) were constrained by availability of data with limited spatial range. For example, topography and the origin of the geologic parent material for Table 2 Mean signed deviation (MSD) and p values of paired t test (between brackets) between measured heights and estimated heights by the local model, NLME model accounting for site-specific variation, two regional models Banin et al. 2012) , and the pan-tropical model (Chave et al. 2014) Local NLME Feldpausch ) fitted by a nonlinear least-square estimation (NLS; local model) and the partial nonlinear mixed effects (NLME) local model with "site" as random effect (α and β; see Eq. 2), with three sites Yangambi, Yoko, and Yambela (Leturmy et al. 2003) . Additionally, the strict hydrographic region of the Congo Basin does not reach Gabon or Cameroon, from which the data were available. Nevertheless, Banin et al. (2012) showed the large-scale intercontinental differences in tree height, even after accounting for environmental conditions, forest structure, and wood density, illustrating that regional depiction of height-diameter allometry is meaningful. However, both regional relationships by Banin et al. (2012) and Feldpausch et al. (2012) produced an overestimation in tree height for our study region. The lower asymptotic tree height found at the three study sites indicates that reduced tree height is possibly more general in this area and that a more localized height-diameter model for the central Congo Basin, instead of central Africa, could possibly reduce the bias. The regional dependency presented by Feldpausch et al. (2011) is thus a good option but needs refinement in particular for data-poor areas.
The pan-tropical model incorporating bioclimatic dependency (Chave et al. 2014 ) produced lower residuals in height Fig. 4 Plot-level relative error for AGB estimation at the tree sites Yangambi (blue), Yambela (red), and Yoko (green) by comparing AGB estimation using measured tree heights with AGB estimation using modeled tree heights by Feldpausch et al. (2012) (a); Banin et al. (2012) (b) ; Chave et al. (2014) (c) ; and the local NLME model (d) estimates for the study area compared to the regional models. Our study thus validates the pan-tropical nature of the presented model and the finding that the bioclimatic stress variable depicting drought tolerance and tolerance to temperature variability improves tree height estimations.
An aspect not accounted for in current height-diameter models for Africa is human activity. Specifically for tropical Africa, the Food and Agriculture Organization of the United Nations (2010) reports high numbers for forested areas classified as "other naturally regenerated forest" (i.e., forest predominantly composed of trees established through natural regeneration, where there are clearly visible indications of human activity) going up to 80% for western and central Africa, compared to ∼20% for South America. For our study area, (c, d) , and Yambela (e, f). The SDD are plotted on log-log axes (a, c, e), on which relationships described as scaling functions would be linear, and on log-linear axes (b, d, f) on which relationships described as negative exponential functions would be linear. Diameter bins with stem densities of less than five individuals are shown as open circles and were excluded from the regression analyses. Model fits as described in Table 4 are shown N is the stem density in a diameter bin with diameter midpoint D accessibility to the forest could have played an important part in disturbance probabilities, with all sites relatively close to the Congo River, increasing forest accessibility and possible human intervention. The stage of development a forest is in after some form of disturbance will reflect in differences in forest structure and composition (Kerkhoff and Enquist 2007) and can influence height-diameter relationships (Sumida et al. 2013) . Specifically, the theoretical asymptote of tree height in a height-diameter relationship increases with stand age (Kohyama et al. 1990; Sumida et al. 2013 ). Accordingly, our study area, even though the sites are located in forest reserves, could be in a phase of stand development after unrecorded human activities or disturbances, possibly explaining the lower tree heights found. The SDD of Yangambi with the negative exponential function as the best fit could namely suggest past exogenous disturbances (Coomes et al. 2003) . Including measures of stand development and disturbance in heightdiameter relationships for tropical Africa could be an important aspect. In general, spatial information on deforestation, reforestation, degradation, and regeneration, as developed by Ernst et al. (2013) for the Congo Basin, could help define regions with altered forest structure, which could be specifically important for naturally regenerated forests in tropical Africa (Food and Agriculture Organization of the United Nations 2010). Within our local study area, site-specific dependencies still explained a significant part of the variation, as the local model increased in accuracy by introducing site as a random effect. In this study, we were not able to pinpoint the main drivers for the differences in site-level height-diameter relationships, but we list here a few candidate drivers. A first important driver could be differences in soil characteristics. Doetterl et al. (2015) have shown for the Yangambi and Yoko sites that a difference in nutrient limitation, specifically potassium, in part drives a tree's carbon allocation to aboveground vs belowground structures. The lower potassium availability in the soil in Yangambi resulted in higher belowground carbon allocation, possibly also explaining the lower tree height at Yangambi compared to Yoko. Secondly, floristic differences were apparent between the three sites, but could not be taken into account. The high species diversity and low number of per-species observations necessitated pooling of species for model development, as is often the case in tropical forest studies (Hunter et al. 2013 ). However, height-diameter relationships are species dependent (e.g., Bohlman and O'Brien 2006; Poorter et al. 2003) , and neglecting the inter-species differences adds uncertainty. Thirdly, forest structure, commonly accepted to highly influence individual tree height-diameter allometry (Molto et al. 2014; Saunders and Wagner 2008) , did not drive local differences between our study sites. Namely, standard forest structure measures stem density, basal area, mean stem diameter, and maximal stem diameter did not differ across the sites. The SDD distributions at the three sites did reveal differences between Yangambi and Yoko. Possible differences in human intervention or developmental stages could explain site-specific differences in height-diameter relationships, although further research is needed. Nevertheless, due to the differences in inventory protocols, we were not able to assess forest structural and floristic differences in great detail and cannot draw specific conclusions. Furthermore, these differences in protocol could be a fourth driver for site-specific variability. Different height observers could have led to systematic differences (e.g., Bohlman and O'Brien 2006) , although precautions were taken to minimize these differences by using the same protocol to measure heights of trees that were selected. Moreover, the tree height measurement itself is prone to measurement errors (Larjavaara and Muller-Landau 2013) introducing additional variability into these models. However, differences in measurement protocols will inherently be part of large-scale studies which often depend on data availability of smaller studies and multiple measurement teams. Accounting for this type of variation therefore remains a challenge.
As the site effect improves upon the local height-diameter model, with drivers not incorporated in the regional (spatially driven) and pan-tropical (climate driven) models, this sitelevel variability is currently not captured or accounted for. When using these models for AGB estimation, especially for use in carbon-accounting programs, this variability should be accounted for in error propagation. Alternatively, site-specific parameterization of height-diameter would overcome this bias. This is however not beneficial in terms of fieldwork efforts, since height measurements are both time and cost intensive and not always feasible. As mentioned before, and also put forward by Bastin et al. (2015) , a focus on large trees and careful measurement thereof could limit additional field effort during inventory work.
Conclusion
Spatial variability in height-diameter relationships in central Africa was significant, and general models should be used with caution, especially in data-poor areas. Specifically, at our study area, overestimations made in height estimates produced significant overestimations in both AGB and Lorey's height, both of importance for calibrating remote sensing products. The importance of site-level drivers of variability in tree allometry was also apparent, although additional research of these drivers is needed. Incorporation of site-level variability in the error propagation of more general models could improve their accuracy.
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